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ABSTRACT 

Formulas are presented f o r  determining t h e  inf luence  
of t h e  cur ren ts  between the casing and the  wheel upon the 
e f f i c i ency  of the c e n t r i p e t a l  turbine.  

There is  always a c e r t a i n  clearance between the casing of t he  machine /33* 
and the  blades of t h e  unshrouded wheel; the  e f f i c i ency  of t h e  e n t i r e  machine 
as a whole depends upon t h e  magnitude of t h i s  clearance. 

Even though the  e f f e c t  of t h i s  clearance has  been s tudied  i n  seve ra l  works 
f o r  axial flow turbomachines, t he re  are i n s u f f i c i e n t  t h e o r e t i c a l  and experi- 
mental d a t a  f o r  c e n t r i p e t a l  turbines.  Essent ia l ly ,  w e  may only po in t  t o  t h e  
experimental da t a  of A. Ye .  Kovalevskaya (MAI) (Moscow Aviation I n s t i t u t e ) .  

I n  t h i s  connection, it i s  of i n t e r e s t  t o  f u r t h e r  i n v e s t i g a t e  the  influence 
of t h e  clearance between the  blades of the wheel and t h e  casing of t h e  cent r i -  
p e t a l  t u rb ine  upon i t s  e f f ic iency .  

I n  t h e  general  case, a l l  o the r  conditions being equal, t h e  e f f i c i ency  w i l l  
be determined by t h e  magnitude of t h e  clearances a t  t h e  input  t o  the wheel A, 

and a t  t h e  output from it  A2 (Figure 1) 

q e ,  -- \(i*, LlJ' (1) 

- A1 - 
where A =- 

put  and output of t h e  wheel; 

- A2 are t h e  r e l a t i v e  values of t h e  clearances a t  the  in- % ' 0 2 - 7  

R1 and R -- heights  of t he  blades a t  the  input and output of the wheel. 
2 

- - 
Depending on (1) , w e  may change from the arguments Al zix! A tc t he  r?ew "2 

v a r i a b l e s  4, and 0,. 

W e  may thus formulate t h e  assumption t h a t  t h e  quant i ty  4, i s a  function 

1' 2 2'  

- - 
only of t h e  clearance 71 and t h a t  0 is a function of h - f o r  AI = A2 = 0 ;  

* Numbers i n  t h e  margin ind ica t e  pagination i n  t h e  o r i g i n a l  fore ign  t ex t .  



Figure 1 

Diagram of the Meridional Cross Section of a Wheel 
Belonging to a Centripetal Turbine 

9, = 9, = 0. 
crease. 

With an increase in the clearances 4, and 9, continuously in- 
I 

Taking this into account, we obtain 

4 11 [T I  ( A I ) ;  

% (%)I 
On the basis of a simple line of reasoning, we may reach the conclusion 

A that noi is a function of the linear combination 9, and 9, 

It is assumed in (3)  that the constant functions and 9, contain not 
- 

only combinations of the arguments h and A2, but also ceriiiiii c o r i s t ~ ~ t s  -- 
1 

i.e., a linear combination is assumed in the following general form 

Let us transform (3) to a new variable JI 
1 (I‘ -= 

A 4- V l m  + vn a*) * 
(4) 
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H e r e  A is  a c e r t a i n  constant which is l a r g e r  than unity. 

The parameter which is introduced $ is charac te r ized  by the f a c t  that 
1 

0 < $ < - A 2 
tracts the  e n t i r e  numerical axis of t h e  sum $1 4- $ 

f o r  any values of $, and $ -- i.e., t h e  transformation ( 4 )  con- 

i n  t h e  segment of the 
2 

a x i s  JI which i s  less than unity.  

In t h i s  segment, expression (3) may be  represented by t h e  f i r s t  two terms 
of a power series f o r  any values of t h e  clearances, wi th in  a s u f f i c i e n t  accur- 
acy -- i .e.,  

The expansion constants B and B 
0 1 

may be  r e a d i l y  determined from t h e  

I 
I 

- boundary conditions:  
f o r ,  = A 2  - 00 ')nr A - 1; -: no; 

from which w e  have t h e  following 

and f i n a l l y  

It follows from t h e  proper t ies  of t he  functions and $ and t h e  s t ruc-  

t u r a l  formula (5) t h a t ,  independently of t h e  type of machine, i n  the  genera l  
case t h e  e f f i c i ency  must decrease according t o  a hyperbolic l a w  wi th  an increase 
i n  t h e  clearances.  

2 

I n  o rde r  t o  determine the  functions 0, and $ l e t  us examine t h e  flow i n  
2' 

t h e  wheel with the  clearance a t  the input A, and a t  t h e  output A2. 

The presence of t h e  clearance A1 leads t o  t h e  f a c t  t h a t  the r e l a t i v e  flow 

rate a t  t h e  input t o  t h e  wheel w1 decreases t o  the  quant i ty  W ; .  Thus, as i s  

known, t h e  magnitude of energy l o s s  may be determined by the Borda-Carnot 
formula 

If w e  relate t h e  energy produced, which is  connected with t h e  presence of t h e  



clearance A 

expression f o r  the l o s s  coe f f i c i en t  at the input  5 

t o  the e n t i r e  decrease i n  the tu rh ine ,  we ob ta in  the  following 1' 

1 

Aw? 
I 

It is  assumed that ho - ; p -- degree of reac t ion ,  and the r a t i o  of 
2gP 

t he  rates w ' / w  

put of t h e  nozzle box 2 s r l l l l ,  and a t  the wheel input  2sr ( R 1  + A ). 

i s  replaced by t h e  r a t i o  of t he  corresponding areas at  t h e  out- 
1 1  

1 1 

A por t ion  of t h e  working component continues the flow i n  the  clearance 
from t h e  input  c ross  sec t ion  t o  the  wheel output. Flow thus occurs not only i n  
t h e  merldional plane, since t h e  presence of a clearance a t  the  b lade  apex leads  
t o  t h e  flow running over i n t o  t h e  p lane  which is  perpendicular t o  t h e  meridion- 
a l  c ross  sec t ion  of t h e  wheel. 

Thus, t he re  is  a continuous exchange of energy between theworking 
component moving i n  t h e  clearance and between t h e  main flow of t he  wheel. 
During t h i s  energy exchange, a por t ion  of t h e  energy belonging t o  t h e  flow 
enter ing  t h e  clearance,  and e j ec t ed  from t h e  wheel through the  output clearance 
c ross  sec t ion ,  is  i n  operation i n  t h e  wheel. 

Taking these  statements i n t o  account, w e  may w r i t e  t h e  energy loss  coef f i -  
c i e n t ,  i n  connection with t h e  leakage of t h e  working component through the  
clearance A2,  i n  the  following form 

kl  -- c o e f f i c i e n t  describing energy exchange i n  the  clearance; /34 
AG -- amount of working component emanating from the  wheel through 

t h e  c ros s  s e c t i o n  of t h e  clearance A,; 

G -- flow rate through the  wheel output c ross  sec t ion .  

I f  we  express t h e  q u a n t i t i e s  E and G from the  equation of cont inui ty ,  w e  
ob ta in  

-- mean diameter a t  t h e  output of t h e  wheel; 

-- mean m a s s  flow rates i n  the  clearance and 

DaV 
Here : 

(yC2)Lv and 
through t h e  wheel; 

4 



Figure 2 

F ie ld  of Rates and Angles Behind 
the  Wheel of a Cen t r ipe t a l  Turbine 

( c y  = 1.62; a = 107') 
2m 

a 6  

a 

-- angle a t  which t h e  flow leaves the  clearance A 
2 2' 
av -- average angle a t  which t h e  flow leaves the  wheel. 
2 

I n  order t o  make a d e f i n i t i v e  determination of t h e  coe f f i c i en t  C 2 ,  l e t  us 

examine the f i e l d  of rates and angles i n  t h e  flow beyond the  wheel of a cen t r i -  
p e t a l  t u rb ine  (Figure 2). 

It follows from Figure 2 t h a t  the flow i s  g r e a t l y  twisted a t  t h e  apex of 
t h e  wheel. I f  t he  mean angle i s  a2 = 107O, then a! = 160 - 165'. 

A t  t h e  same t i m e ,  if w e  take the  f a c t  i n t o  account t h a t  t h e  flow rate i s  
c lose  t o  zero a t  t h e  w a l l  of the casing, t h e  r a t i o  of t h e  mean s p e c i f i c ,  mass 
flow rates i n  the  clearance and through t h e  wheel may be assumed t o  equal 
un i ty ,  w i th  s u f f i c i e n t  accuracy. 

I n  addi t ion ,  when inves t iga t ing  the flow through t h e  wheel, we may assume 
t h a t  t h e  energy exchange between the  flow i n  t h e  clearance and t h e  main flow 
i n  t h e  wheel f u l l y  compensates f o r  t he  reduction i n  economy due t o  the  flow 
Luiiidng m e r  along the apexes nf t he  operational blades -- i.e., we may assume 
t h e  c o e f f i c i e n t  k = 1. Se t t ing  

1 

sin a: 

sin q v  - = k l ,  

we ob ta in  
t l =  kl& ( I  +%). 

(7) 

5 



Consequently, f o r  small clearances, we have 

It may be r ead i ly  observed t h a t  formula (8) represents  t he  r e s u l t  produced 
by expanding (5) i n  series of the  functions (91 + 9,) for s m a l l  va lues ,o f  

($1 and 9,. 

Performing t h i s  expansion and comparing t h e  terms obtained, we f i n d  

We f i n a l l y  obta in  t h e  following from (9) a f t e r  simple transformations 

I f  t h e  coe f f i c i en t  k designates not only t h e  r a t i o  of the s ines ,  hu t  a l s o  
2 

c o n t a i n s t h e  r a t i o  of t he  s p e c i f i c ,  mass flow rates and t h e  coe f f i c i en t  k 
follows from t h e  conclusion which is reached t h a t  formula (10) i s  a general  form- 
u l a  which i s  v a l i d  f o r  a l l  types of unshrouded turbomachines. 

i t  
1' 

Expression ( lo ) ,  and formula (8) f o r  s m a l l .  ciearaaczs,  nzy h e  considerably 
s impl i f i ed  under t h e  condition t h a t  the  value of t h e  angles ctl i s  s m a l l  (12-20'). 

I n  t h i s  case,  the term 

and, f o r  s m a l l  clearances,  t h e  dependence of e f f i c i ency  on the  clearance 

proves t o  be l i n e a r  
2 ,  

6 
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Figure 3 

:e of t he  Relative Clearance d 
1 

t the Input 

of t h e  Wheel Upon t h e  Turbine Efficiency: 
- 

-xl 0 ;  A - X I  7 10%: J - A i -  
= 2 5 % .  

= I - k,-6, ( I  4- -$-) . 

L e t  us i nves t iga t e  t h e  ex ten t  t o  which the  r e s u l t s  obtained coincide with 
t h e  r e s u l t s  derived from an experimental i nves t iga t ion  of t h e  inf luence  of t h e  
c learances  A and A on t h e  e f f i c i ency  of a c e n t r i p e t a l  turbine.  

1 2 

By way of an example, Figure 3 presents  t he  values of II 

t i o n  of u/eo f o r  r a d i a l  s t e p  i n  the  case of x. = 0; 10%; 25% and D2 = const.  

It may be  seen from these  curves t h a t  the change i n  a from 0 t o  10% bare ly  
1 

produces a change i n  t h e  e f f ic iency ,  and only i n  t h e  case of a = 25% does 

t h e  e f f i c i ency  decrease by % 1.2%. 

as a func- 
O i  

1 

n U C L C ~ , , . ~ - ~ - ~  - A  ---t - 4  .ne the  term ( - ” $ i n  expression (a), we f i n d  that i t  comprises 
\ i t a 1  I 

n, 0.0125 f o r  t he  ind ica ted  va lue  

wi th  t h e  value obtained i n  t h e  experiments. 

the clearance 4, i.e., i t  almost coincides 

Taking t h e  f a c t  i n t o  account t ha t  zl < 20% i n  the  majority of cases i n  

real machines, w e  s h a l l  i nves t iga t e  the dependence of TI* on only t h e  clearance 

I 

- O i  
4- 

Estimating the  r a t i o  of t h e  s ines  i n  expression (7) according t o  Figure 2, 
w e  o b t a i n  t h e  following dependence for t h e  c e n t r i p e t a l  tu rb ine  

7 



Figure 4 

Change i n  t h e  Efficiency of the  Cen t r ipe t a l  Turbine 
as a Function of t he  Relative Clearance F2 a t  t h e  

Output from t h e  Wheel, and the S h i f t  i n  t h e  Optimum 
Value of t he  Parameter x = lu/colopt opt 

0 -- MA1 experiments; A -- ME1 experiments; 1 - Change 
i n  e f f i c i ency ;  2 - Change i n  t h e  r a t i o  x op t  

~ = 1 - 0 , 4 5 6 ,  ( I + -  :) , 

which is  shown graphica l ly  i n  Figure 4. /35 

- 
$ a t  t h e  MA1 and t h e  ME1 (Moscow I n s t i t u t e  of Energetics).  

This f i g u r e  p l o t s  t h e  experimental po in t s  obtained f o r  d i f f e r e n t  values of 

It follows from t h e  graphs shown i n  Figure 5 that -- i n  s p i t e  of t h e  
d i f f e rence  between the  experimental arrangements and the  items being t e s t e d  -- 
t h e  t h e o r e t i c  dependence (12) is subs tan t ia ted  q u i t e  w e l l  by t h e  experimental 
d a t a  obtained by two d i f f e r e n t  organizations.  

W e  should poin t  ou t  t h a t  f o r  s m a l l  clearances of A t he re  is  a tendency 
2 

t m x d  P c e r t a i n  systematic devia t ion  of t h e  experimental da t a  from a s t r a i g h t  
l i n e .  T h i s  i s  r e l a t e d  t o  the  f a c t  that, f o r  s ~ a l l  clearances, t h e  magnitude of 
t h e  l a t te r  becomes commensurable with t h e  thickness of the  boundary l a y e r  
formed on a r i g i d  w a l l .  

As w a s  shown i n  (Ref. 3),  i n  th is  case t h e  lo s ses  i n  flow f r i c t i o n  on the  
t u r b i n e  casing begin t o  change i n  inverse  proportion t o  the  clearance A. 
decrease  i n  t h e  lo s ses  caused by a reduction i n  t h e  leakage hG are balanced 
by an inc rease  i n  the  lo s ses  i n  the  flow f r i c t i o n  on t h e  turb ine  casing. 
Therefore,  i n  c e n t r i p e t a l  tu rb ines ,  the clearances must not be decreased by 
more than 1%. I f  t h e  clearance is  decreased more than t h i s ,  t h e  danger of t h e  
wheel brushing aga ins t  t he  turb ine  casing increases ,  and there  is no increase  
i n  economy. 

The 

8 



I n  c e r t a i n  cases, depending on the 

Figure 5 

Dependence of Turbine Efficiency 
on u/eo f o r  Di f fe ren t  Values of 

t he  Clearances A, and A2: 

- A I  *= 0. A, - 0: A - A I  - 4.5 ma, A, .. 2 , ~  an;' 
0 - A I  1. Ai  w .  ~ 

construction, t he  clearances A, and A2 

may become commensurable with the  b lade  height.  A formula which is  more com- 
p lex  than (10) must therefore  be employed t o  determine the  reduction i n  e f f i -  
c iency . 

However, f o r  s p e c i f i c  appl ica t ions ,  w e  must 

-- i.e., t h e  e f f i c i ency  i n  t h e  case of zero 
00 

no; 
i n f i n i t e l y  l a r g e  clearances.  

0 
know the  q u a n t i t i e s  no; and 

clearance and i n  the  case of 

I n  t h e  f i r s t  case, w e  must employ d a t a  derived from tests wi th  a shrouded 
wheel, and i n  t h e  second case w e  must employ d a t a  obtained from tests with a 
completely open wheel. 

The r e s u l t s  of t hese  tests, as w e l l  as tests with intermediate values of 
t h e  c learances ,  are shown i n  Figure 5, which g ives  t h e  dependences I-I 

= f(u/e 1 f o r  a c e n t r i p e t a l  tu rb ine  f o r  d i f f e r e n t  values of the clearances A, 
0 

and A2. 

= 
O i  

00 

I f  we  perform t h e  corresponding determination of t he  r a t i o  TI&:; f o r  

optimum va:l;cs zf the parameter u/en,  w e  ob ta in  
" 

Formula (13) may be employed w i t h i n  t h e  e n t i r e  r a g e  of clearance changes 
i n  a c e n t r i p e t a l  turbine.  

I f  we analyze t h e  experimental da ta  presented i n  Figure 5, we may r ead i ly  
see t h a t  when t h e  clearance changes the re  i s  not  only a decrease i n  e f f i c i ency ,  
b u t  a l s o  a s h i f t  i n  t h e  optimum u/eo toward small values. 

Figure 4 may be employed t o  determine t h i s  s h i f t  as a func t ion  of t he  clearances,  

The curve shown i n  

9 



Figure 6 

Dependence of Turbine Efficiency 
,-, 

on t h e  Parameter LI: = : 
(dC 0 opt 

When there is a devia t ion  
from the optimum values of u/e,, 

the influence of the clearance 
upon e f f i c i ency  varies. Thus, a 
decrease i n  u/e l eads  t o  a de- 

0 
crease i n  the  e f f e c t  of t h e  clear- 
ance and, conversely, an inc rease  
i n  u/eo leads t o  an increase  i n  

t h e  d i f fe rence  An = 0:; - A 
nOi' 

However, i f  w e  compile t h e  
dependence of e f f i c i ency  upon x, 
where 

as follows from Figure 6,  a l l  of 
t h e  curves are d i s t r i b u t e d  a t  an 
equal d i s tance  f o r  any value of 

t he  parameter x An = An 0 0 - 
= noi - 

A 
TIoi = const. 

Consequently, we may estimate t h e  reduction i n  e f f ic iency  An as a func t ion  

For t h i s  purpose, i t  is s u f f i c i e n t  t o  determine Ano f o r  op t i -  

of t h e  c l e a r a n c e f o r  any values of u/eo by means of formula (12) o r  (13) and 

expression (14). 
mum va lues  of u/co, 
value  of x, i.e., 

- 

Thus, t h e  da t a  

and t o  muliiply t h e  value 

A q  = Ago;. 

presented i n  t h i s  ar t ic le  

obtained by the  corresponding 

make i t  poss ib le  t o  completely de- 
termine t h e  inf luence  of t h e  clearances A and A2 on the e f f i c i ency  of a cen t r i -  

petal turblne fnr any values of t he  la t ter ,  wi th in  t h e  e n t i r e  range of values 
f o r  the parameter u/co. 

1 

We should poin t  out t h a t  f o r  axial flow turbomachines, i n  several cases 
t h e r e  i s  good agreement between the  formulas derived and experimental da ta  i n  
t h e  case  of k ,  = 0.85. 

compressors, bu t  i n  t h i s  case a more ca re fu l  determine of t h e  c o e f f i c i e n t s  k ,  
and k ,  is requ i s i t e .  

S imi la r  r e l a t ionsh ips  may be r ead i ly  obtained f o r  a x i a l  and cen t r i fuga l  

10  
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